Twelve Hereford-Angus weanling heifers were used in a split:plot design incorporating a randomized complete block to determine physiological effects of subtoxic concentrations of inorganic sulfate in drinking water. Treatments were tap-water (110 mg/liter sulfate), 1,250 rag/liter sulfate and 2,500 rag/liter surface. The sulfate was added to the tap water as sodium sulfate. The sulfate-waters did not affect feed consumption, water consumption or growth during the 90-day experiment. No overt toxicity was observed. Heifers drinking sulfate-water had tendencies to accumulate methemoglobin and sulfhemoglobin without affecting total hemoglobin. Sulfate loading did not induce diuresis although heifers drinking 2,500 mg/liter sulfate-water increased renal filtration of sulfate by 37.7% and decreased renal reabsorption of this ion by 23.7%. Therefore, in these animals the percentage of filtered sulfate reabsorbed was decreased by 44.8%. The heifers were subsequently used in a taste response experiment in which they were offered either sodium chloride or sodium sulfate in a twochoice preference situation. The choice was the salt solution or tap-water. The salts were added to tap-water in increasing but estimated equal anionic concentrations in six increments from 275 to 4,400 mg/liter of anion. The animals discriminated against drinking water containing 1,620 mg/liter chloride or 2,018 rag/liter sulfate. Concentrations at the estimated rejection threshold were 5,524 and 3,317 rag/liter for chloride and sulfate, respectively. On a molar basis, discrimination and rejection thresholds for suffate were 21.0 and 34.5 raM, respectively. Those for chloride were 45.6 and 155.6 mMolar. Apparently, sulfate was more unpalatable than chloride when compared on an equimolar basis. It appears that these heifers were able to tolerate 2,500 rag/liter sulfate in their drinking water without adverse effects, and that this concentration of sulfate represents a safe tolerance concentration.
INTRODUCTION
It has been shown previously that ingestion of inorganic sulfate via drinking water produced quantitative changes in blood composition and renal function of cattle. Heifers showed a 63.1% and a 50.0% increase in serum sulfate when drinking 3,493 rag/liter sulfate (Weeth and Hunter, 1971 ) and 2,814 rag/liter sulfate (Weeth and Capps, 1972) , respectively. Also observed were increases in methemoglobin and sulfhemoglobin concentrations without alteration of total hemoglobin. A relative diuresis was noted in both of the above citations with a higher percentage of ingested water being excreted through the urine. On the basis of these studies, it was suggested that growing cattle could tolerate at least 1,450 rag/liter sulfate in their drinking water for at least 30 days and that this concentration was probably near their taste discrimination threshold (Weeth and Capps, 1972) . Reported herein is an attempt which was made to define a defensible limit for the concentration of inorganic sulfate in the drinking water of cattle by evaluating physiological effects and taste response. (Weeth and Lesperance, 1965) . Total hemoglobin, methemoglobin and sulfhemoglobin were determined by the technique of Hainline (1965) on freshly collected blood. For other determinations, samples of plasma, serum and urine were stored frozen until analyzed. Analytical procedures were as noted by Weeth and Hunter (1971) . Since repeated observations were made on the same animals, data were analyzed statistically as suggested by Gill and Hafs (1971) . Differences among treatment means were evaluated by Duncan's multiple range test (1955) .
EXPERIMENTAL PROCEDURE
The weather during the experiment was warm and dry, average maximum and minimum temperatures being 33.2 and 9.2 C. Evaporation from a U.S. Weather Bureau pan was 7.6 ram/day.
Following the sulfate tolerance study, the heifers were used in a two-choice taste response experiment (Goatcher and Church, 1970a) in which the treatments were tap-water and either sodium sulfate or sodium chloride. Six animals were offered each salt solution. The tap-water contained 370 rag/liter total dissolved solids with 75 mg/liter sodium, 10 mg/liter chloride and 110 rag/liter sulfate. The salts were added to the tap-water in increasing, estimated equal anionic concentrations in six increments ranging from 275 to 4,400 mg/liter of the anion. The test period for each concentration was 2 days. The datum collected was the percent consumption of salt solution to total fluid consumption. An animal's two water containers were rotated daily. To establish a zone of nondiscriminate or random drinking each salt solution test period was preceded by a tapwater vs tap-water 2-day period. Linear regressions, confidence intervals and differences between regression lines were calculated as suggested by Steel and Torrie (1960) . The weather was cooler during the taste response study with maximum and minimum temperatures averaging 22.0 and -1.0 C. Evaporation was 4.0 mm/day.
RESULTS AND DISCUSSION
No overt toxicity was observed in any of the heifers. All animals appeared to be in good condition throughout the experiment. The sulfate-water treatments did not affect feed or water consumption (table 1). All heifers gained weight during the study, there being no apparent treatment effects. No evidence of dehydration was observed, plasma osmotic pressure remaining constant regardless of treatment.
Although there was much variation, heifers drinking sulfate-water showed evidence of increased production of methemoglobin, the increase seen in the 1,250 rag/liter group being significant (table 1) . Weeth and Capps (1972) also noted increased methemoglobin concentration in heifers drinking 1,462 and 2,814 mg/liter sulfate-water. It is known that methemoglobin formation induced by sodium nitrite provides prophylaxis against toxic concentrations of sulfide (Smith, 1969) . Sulfide produced by the reduction of ingested sulfate by ruminal micro-organisms (Lewis, 1954 ) is rapidly absorbed in the upper alimentary tract (Hansard and Mohammed, 1969) . In the blood stream, some of the sulfide is trapped by methemoglobin, thereby preventing inhibition of cytochrome oxidase (Smith and Gosselin, 1964) . The bovine apparently readily oxidizes hemoglobin to methemoglobin (Smith and Beutler, 1966) . Fortunately the reverse reaction, catalyzed by a methemoglobinase, is also rapid. Drabkin and Austin (1935) also observed that absorbed sulfide can convert functional hemoglobin to sulfhemoglobin. In the present study, heifers consuming 1,250 and 2,500 mg sulfate per liter of water had mean sulfhemoglobin concentrations of 98.6 and 111.4 mg/100 ml, respectively. The mean concentration for heifers drinking tap-water was 5.5 mg/100 ml, with sulfhemoglobin being detected in only 25% of the blood samples. Although not statistically significant, these values do indicate that cattle produce increased amounts of sulfhemoglobin when ingesting large quantities of sulfate. This observation has been made previously by Weeth and Hunter (1971) .
Serum sulfate concentrations of heifers consuming 1,250 and 2,500 mg/liter sulfate-water increased by 22.8 and 40.5%, respectively (table 1) . This is consistent with earlier observations (Heller and Paul, 1934; Weeth and Hunter, 1971 ) and reflects the increased dietary intake of sulfate by animals (Weir and Rendig, 1954) . Plasma sodium concentrations were also increased (P<.05) in the heifers consuming the larger quantities of sulfate as sodium sulfate (table 1) .
The sulfate-water treatments resulted in increased (P<.05) urinary excretion of sulfate and sodium but renal clearances of creatinine, osmolalities and free water were unaffected (table 2). Urine osmotic pressure was unchanged; therefore, although urine was collected for only a 2 hr period, it appears that these concentrations of sulfate caused no diuresis. This is supported by the lack of polydipsia in heifers drinking sulfate-water (table 1).
As indicated in table 2, heifers drinking both (1947) of a renal transport maximum for sulfate, but additionally with these heifers it appears that exceeding the transport maximum depressed reabsorption. Such depressed reabsorption might provide some protection to animals consuming large amounts of sulfate.
In the subsequent taste response experiment, the nondiscrimination zone (figure 1) was found to lie between 65.4 and 34.6% (P<.05). This zone is slightly wider than that established by Goatcher and Church (1970a) , but narrower than that observed by Weeth and Capps (1972) . Johnson et aL (1958) recorded only three to four drinking per day by cattle at 10 C ambient temperature. It is possible that such infrequent drinking results in the wide zone for nondiscriminate drinking.
Since the mean percentage of salt solution to total water consumption did not deviate significantly above 50 (figure 1), it can be concluded that no preference was shown for any of the salt solutions offered. Goatcher and Church (1971a) found no preference by cattle for 1,400 to 12,500 mg/liter sodium chloride. Goats showed preference for 800 to 6,300 mg/liter sodium chloride (Bell, 1959) . Richter and MacLean (1939) found that humans could recognize about 160 mg/liter sodium chloride and that a solution could be identified as being salty at about 870 mg/liter.
It has been observed that afferent impulses could be generated on the ehorda tympani of calves with 292 mg/liter sodium chloride applied to the tongue (Bell and Kitchell, 1966) . Moncrieff (1967) suggested, without reference to species, that the detectable minimum for sodium chloride was near 550 mg/liter. Goatcher and Church (1970a) observed that cattle can recognize as little as 1,600 mg/liter sodium chloride. The results of the present study indicate that the lowest concentration of sodium chloride tested (434 mg/liter) would be below the detectable minimum.
As shown in figure 2, the regression line for chloride (Y=40.66-.O037x) crosses the lower discrimination threshold (salt solution consumption <34.6% of total fluid consumption) at 1,620 mg/liter (45.6 mM). That for sulfate ion (Y=57.26--.0011X) crosses at 2,018 rag/liter (21.0 mM). The concentrations at the rejection thresholds (salt solution <20.0% of total consumption) are 5,524 mg/liter (155.6 raM) and 3,317 mg/liter (34.5 mM) for chloride and sulfate, respectively. Only the rejection thresholds differ significantly. The regression lines are significantly different, that for sulfate being steeper. Beidler (196. 3) observed that a taste receptor is stimulated by a molecule or an ion. Therefore, the two salt solutions might best be compared on a molar basis (figure 3). This results in a marked difference between the anions. The lower discrimination threshold for sulfate is 21.0 mM with a confidence limit of 15.2 to 27.0 mM (P<.05). That for chloride is 45.6 mMolar. The rejection threshold for sulfate is 34.5 mM with a confidence limit of 27.9 to 44.6 mMolar. The chloride rejection threshold is 155.6 mMolar. Both thresholds are now significantly lower for the sulfate ion. Moncrieff (1967) states that both chloride and sulfate are effective in producing a saline taste and that bitterness of a salt increases as its molecular weight increases. Goatcher and Church (1970b) concluded that cattle are more sensitive to bitter than salty. This may be why the sulfate salt was rejected at a lower anionic concentration than the chloride salt.
From this study it appears that growing cattle were able to tolerate 2,500 mg/liter sulfate without over toxic effects. It has been shown previously (Weeth and Capps, 1972 ) that concentrations of 2,814 mg/liter caused some deleterious effects in cattle. According to the discrimination threshold observed in the present study, this concentration of sulfate would be discriminated against if water containing a lower concentration of sulfate was available to the animal. It is not feasible to set an exact safe tolerance concentration for sulfate in water since tolerance is dependent on total intake and the turnover rate of sulfate in the individual animal. However, 2,500 mg/liter may be close to the safe tolerance limit for the concentration of inorganic sulfate in the drinking water of cattle.
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